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Abstract
The steady, increasing flux of carbon dioxide from the atmosphere into the ocean is posing a major threat to the marine biota that depend on stable pH and chemical concentrations for biomineralization. One important and prevalent organism at risk of these effects of ocean acidification is the cold-water, scleractinian coral, Balanophyllia elegans. The goal of this study was to test the individual significance of carbonate system parameters DIC, pH, and CO32- on the growth and calcification of Balanophyllia elegans. In this experiment, growth was measured radially as the change in diameter over time. Unfortunately, because Balanophyllia elegans is a very slow growing organism and only extends up to a few millimeters during its juvenile state, absolute changes in size are difficult to detect. There were many obstacles encountered in quantifying the true diameters and areas of the samples over time. Difficulties included fine-focusing of the camera, software calibration, and relative selection of the major and minor axes. This study explores the challenges of using live coral imaging to track growth and suggests alternative methods to approach this objective in the future. 


Introduction
The release of carbon dioxide (CO2) into the atmosphere has, over the years, increased drastically due to anthropogenic activity, primarily through the production of cement and the burning of fossil fuels and biomass (Gattuso 1998). Concentrations of CO2 that were around 200 – 280 ppm prior to the industrial revolution have spiked to concentrations of about 400 ppm today (Feely et al. 2004). Much of this atmospheric CO2 is dissolved into the surface ocean, increasing dissolved inorganic carbon (DIC) concentrations, decreasing pH levels and acidifying the water, resulting in the slowing of critical structure growth of calcifying organisms that build their skeletons and shells by precipitating CaCO3 (calcium carbonate) (Gagnon 2013, O’Donnell et al. 2013). Ocean acidification results from the addition of carbon into seawater, which decreases the ocean pH and reduces the concentration of carbonate ions (CO32-), which are necessary for the construction of calcium carbonate (Gaylord et al. 2011). In the chemical reaction of CO2 and H2O, CO32- is consumed and converted into bicarbonate (HCO3-) (Riebesell et al. 2010). This reaction involves the addition of a hydrogen proton (H+), which is responsible for lowering the pH (Brewer 1997). These changes in the carbonate chemistry of the ocean can slow down the CaCO3 precipitation reaction, which can be detrimental for aquatic organisms that depend on calcification to build their skeletons. 
One particular organism that relies on the precipitation of CaCO3 in the form of aragonite for their skeleton is coral. “While coral often represent the beauty and diversity of the ocean, they also represent the sensitivity of the ocean to environmental changes” (Gagnon 2013). Calcification is important on a global scale not only because it is the foundation of coral reefs and are essential for the success of fisheries worldwide, but also because the biomineralization process and chemical components of CaCO3 skeletons can be used to understand the effects of changes in past oceanic environments on calcifying organisms (Tambutté et al. 2011, Gagnon et al. 2012). 
Because the study of the effects of ocean acidification on calcifying organisms can become very complex due to variation in the process of biomineralization among different species, it is necessary to choose organisms that that can serve as appropriate test subjects for this area of research. An organism that fits this criteria is the orange cup coral, also known as Balanophyllia elegans. This scleractinian coral species, or coral which builds their own skeleton, is found along the coasts of the Pacific Northwest including California, Oregon, Washington and Canada and can range from living in the low intertidal to depths of up to 300m, where the water environments can be very acidic (Gerrodette 1979, Crook et al. 2013). Unlike shallow water corals, deep-water corals can reside in water column depths that are low in temperature and receive little to no sunlight, resulting in a lack of the zooxanthellae symbionts which can provide energy boosts for calcification (Crook et al. 2013). Without this energy buffer, the surrounding seawater chemistry may dictate how well the cold-water coral Balanophyllia elegans will biomineralize, and the rate at which it can do so (Crook et al. 2013). This characteristic makes azooxanthellate corals a great test subject for ocean acidification research since changes in water conditions are expected to have a direct effect on their calcification. Another reason B. elegans is appropriate for this project is, unlike other coral culturing experiments where polyps at different life cycles are broken off from a colony and the fragments are reestablished, B. elegans can be cultured from its larval stage (Brahmi et al. 2010, Crook et al. 2013). Upon release from the parent orange cup corals, B. elegans planulae have the ability to remain motile for a while before settling (Gerrodette 1981). Once settled, the rate of growth over their entire life span can be tracked. 
The objective of this study was to determine the effects of changes in oceanic carbonate chemistry on the growth and calcification rate of the azooxanthellate, scleractinian coral species Balanophyllia elegans. The coral samples in this project will be analyzed for their response to carbonate parameters DIC, pH, and CO32-. While studies before have tested the effects of multiple carbonate system parameters on calcification, they had not separated the effects of one parameter from the other, and not doing so had produced conflicting results on which parameter had actually caused the effect on calcification (Schneider and Erez 2006). Thus, this experiment will decouple the carbonate system parameters by manipulating DIC and alkalinity to keep certain parameters constant and others varied and test the response of the corals to these water treatments. Treatments will include constant pH, constant DIC, and constant CO32-. Other parameters besides the one held constant in those water conditions are held at different levels. Since water conditions in this experiment can be controlled and tightly monitored, the hypothesis is that change in growth rates of the Balanophyllia elegans will be observed and will vary under constant pH, constant DIC, and constant CO32-. However, because Balanophyllia elegans are naturally found in coastal, acidic environments where upwelling occurs, it can be hypothesized that they are more vulnerable to low pH environments, so the coral samples placed in water treatments with low pH will likely experience slowed rates of growth.  
Because the experiment in this study was part of a much larger, ongoing project done in the Gagnon Lab at the University of Washington supervised by Professor Alex Gagnon and Doctor Anne Gothmann, the juvenile orange cup corals needed to be kept alive for future experimental purposes. While many studies remove the coral tissue at the end of an experiment to dry and weigh the skeleton as a measurement of growth, an alternative method to killing the coral was needed for measuring growth in this experiment (Dimond and Carrington 2008, Crook et al. 2013). Growth of the corals was tracked over time through microscopic imaging and through using the photographs taken to measure major and minor diameters. Therefore, along with performing tests to determine whether certain carbonate system parameters affect the rate of growth of the cold-water coral Balanophyllia elegans, this study also explored the feasibility of using the technique of imaging live coral samples and measuring their diameters to evaluate radial growth over time. The hypothesis was that through using this technique, significant changes in growth can be documented over time. 


Material and methods
Juvenile Balanophyllia elegans used in this experiment were obtained from parent B. elegans kept at the Friday Harbor Laboratories. The juvenile coral were cultured at the University of Washington and provided by the Gagnon Lab at the UW School of Oceanography. 124 individual samples of juvenile orange cup corals were dispersed among 39 different 2-liter bottles: 13 treatments with 3 replicates each. There were typically around 3-5 individual B. elegans per bottle. The water conditions the juvenile Balanophyllia elegans were placed in included constant DIC with varied pH and CO32-, constant pH with varied DIC and CO32-, and constant CO32- with varied pH and DIC (Table 1). One batch of bottles contained water conditions that were common to all three experiments, including a pH of 8, a DIC of 2500 µmol/kg SW, and a CO32- concentration of 126.5 µmol/kg SW (Table 1). All 39 bottles were kept in water baths so the water and coral samples could be held at a constant temperature of 10.7⁰ Celsius, regulated by a computer controlled chilling device. Water used for culturing the juvenile Balanophyllia elegans was obtained from Mukilteo, Washington and had a salinity of about 30 ppt. The water was bubbled with CO2 to attain desired levels of DIC. The alkalinity of the water was adjusted by adding NaOH and HCl through syringes that were controlled by a computer. The water conditions for the corals were primarily altered, monitored, and managed by Doctor Anne Gothmann at the Gagnon Lab.
Coral Imaging
All bottles with differing treatments contained glass slides with attachments of juvenile B. elegans that were looped with plastic zip-ties to provide ease of transportation during water changes and imaging. Prior to photographing the coral, a crystalizing dish was rinsed with seawater from the bottle in current use to remove residual water from the previous bottle. This was done to prevent the cross contamination of chemicals. Corals were imaged one at a time under a Meiji EMZ-TR microscope that was connected to a Canon G12 camera with a filter adapter FA-DC58B lens. A metric ruler used as a scale for the photos was attached right above the light source, which was inside the base of where the crystalizing dish was placed. The photographing process coincided with a water change that was performed twice a week for the coral. After being imaged, the slides holding the coral attachments were placed into new bottles of water that retained the same chemistry as the water in which they were previously kept. Photos used for this experiment were taken on 28 January 2017, 5 February 2017, 15 February 2017, 22 February 2017, and 1 March 2017 or t1, t2, t3, t4, and t5, respectively. Image J was calibrated to measure in millimeters by using the metric ruler attached to the light source for scale, which is shown at the top of each photo. The photos were scaled by drawing a straight line from the middle of a bar marking the start of one millimeter to the middle of another bar marking the end of a millimeter. The number of pixels measured within the straight line drawn were converted to millimeters through Image J. Lines were drawn over 10-20 millimeters, depending on the visibility of the ruler in each photograph.
After Image J was calibrated, the software measured the corals’ major axes, defined as the diameter with the greatest width, and the minor axes, defined as the diameter with the smallest width. Since the corals were not all perfectly round, they were treated as ellipses. The major and minor diameters were plugged into the elliptical area formula , where  is the major radius and  is the minor radius. The value obtained from that equation for each coral was the surface area measurement, which was used to determine the outward growth of each coral sample. 
Statistical Analyses
In order to account for the variation and error in the measurements of area that came about when approximating the maximum and minimum diameters of the corals on Image J, statistical analyses were done. Five corals were selected at random by using a random number generator on excel. This subset of corals was selected to represent all 124 of the individual samples tested and the uncertainty determined from these 5 corals was to account for the uncertainty of the entire dataset. A total of 25 coral photos were analyzed because the 5 randomly selected corals were photographed once every week for 5 weeks on t1-t5. For each of the 5 corals, 5 possible combinations of major and minor axes were measured on Image J to generate 5 different estimations of area. Because the variation from the mean is different for each of the 5 days the corals were photographed, a standard deviation was calculated for each t. Before the mean standard deviation for each t was obtained, the standard deviations for each coral were converted to variances (σ2). A typical variance was then calculated by averaging out the 5 variances, and this number was converted back into a standard deviation. This procedure was repeated for the same corals from t1-t5. 
Since the coral imaging did not begin until several weeks after the B. elegans had settled, the corals were not all the same size when they were first photographed. To have all the area measurements start at around the same value so significant trends can be more visible, all the area measurements in the main dataset were normalized by dividing the area measurements from tn (t1-t5) by the area measurements from t1 (Atn/At1). Normalizing the area allowed us to see change proportional to the initial size, or the growth relative to time 1. 
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Results
The initial round of diameter measurements done for the coral photos resulted in the appearance of many unexpected values in the dataset. Inaccurate measurements were produced due to human error during the image scaling process. Rather than calibrating Image J using several millimeters in the ruler of the photos, Image J was initially calibrated using only one millimeter per photo (Figure 1). This led to inconsistent scaling because there was slight variation in the widths of the millimeters of each ruler. The width of the same millimeter selected also varied from photo to photo. These inconsistencies yielded diameter measurements that were either much greater or much smaller than expected, and there was an apparent growth and shrinkage of corals over time (Figure 2). Based on the experimental set up, there was no reason for the corals to shrink and regrow over time.
A succeeding trial of coral diameter length measurements using Image J was conducted after the initial attempt. In this round of measurements, Image J was calibrated using 10 to 20 millimeters in the ruler of each photo, depending on the length of the ruler, to allow for more accurate measurements. Following this attempt, the dataset continued to display inconsistency in growth. While radial growth was expected to increase steadily over time, apparent measured size of select individuals from photo batches as well as entire photo batches showed persistent fluctuation in outward growth. Radial measurements for these select photos increased, decreased, and increased again over time. However, the range of variation in the measured diameters was lower in the second trial than it was in the first trial (Figure 3). In this randomly selected subset of corals, the apparent maximum diameter exceeded 5 mm in trial one while the apparent diameter in trial two reached a maximum of about only 3.6 mm. After averaging out the measured major and minor axes over all the time periods in the second trial, it was apparent that the batches of photos taken from t1-t5 exhibited larger major and minor axes measurements than the measurements of those on 1 March 2017 (Figure 4). 
There were no visible or significant trends that may have emerged from the differences in water treatments when the normalized area measurements of all 124 coral samples were plotted over time (Figure 5). Several normalized area measurements on 1 March 2017, 28 February 2017, 15 February 2017, and 5 February 2017 showed up as outliers (Figure 5). Based on the starting value at 1.0, many of the corals exhibited shrinkage in area over time (Figure 5).  
The standard deviations calculated for t1-t5 were 0.18, 0.14, 0.15, 0.11, and 0.18, respectively. The standard deviations were applied as error bars to each average obtained from the normalized area measurement for each date (Figure 6). The error bars were small and when compared to Figure 5, it is apparent that most of the normalized area measurements exceed the upper and lower bar. 
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Discussion
Calcifying organisms that naturally live in low pH, upwelled water environments may be more vulnerable than calcifiers living in areas with more mild pH levels to changes in the carbonate chemistry of the ocean due to ocean acidification. Because these organisms may already be reaching their maximum low pH tolerance in the place they are living in (Crook et al. 2013), the increase in ocean acidification may magnify the corrosiveness of the water being upwelled and may negatively affect entire ecosystems (Barton et al. 2012). In this project, samples of juvenile cold water coral Balanophyllia elegans native to the west coast of North America and their response to water baths containing varying levels of pH, DIC, and CO32- were used to understand the impending effects of ocean acidification on organisms living in coastal waters. 
The results of this project revealed that it was difficult to measure the growth of the cold-water coral Balanophyllia elegans over time in the various water treatments they were placed in, which included the manipulation of pH, DIC, and CO32-. B. elegans are very slow growing, so they require extensive fine focusing of the camera, calibration of the software Image J, and careful selection of representative major and minor axes for the calculation of area. Any slight changes to these factors can create dramatic effects on the results. There were many sources of error that came about during the imaging and measuring of the corals. For instance, on each day of the week in which the corals were photographed, the setup of the camera was altered. The inconsistency of the set up may account for the fluctuation in the exactness of the focus. The calibration of Image J and the precision required in the selection of the major and minor axes were also major sources of error. 
The erroneous data in both trials of measurements prevented me from interpreting the data as true measurements of radial growth. The data were also unable to reflect the actual effects of varying levels of DIC, pH, and CO32- on Balanophyllia elegans. While there were no trends that exhibited different growth patterns with different water treatments, Figure 5 was at least able to show that the corals did not double in size by the end of this experiment. If they did, the normalized area along with its uncertainty would reach around 2.0 on the y-axis, which is about twice the area of the initial size at t1. Any growth that exceeds the noise shown in Figure 5 would be obvious, and the select area measurements of corals that clearly displayed this anomaly were seen on 1 March 2017, 28 February 2017, 15 February 2017, and 5 February 2017. It is likely there was error in the calibration of Image J for these coral photos when their diameters were being measured, or there may have been distortion caused by camera or the placing of the slide in a curved region of the crystallizing dish. It is, however, risky to say with confidence that any of the corals grew over time. Because so many corals shrank over time relative to its initial size at t1 (Figure 5), it is difficult to trust the measurements that depict coral growth over time. 
The errors that came about during the imaging procedure and data collection caused unexpected apparent growth and shrinkage of coral over time. During the manual selection and measurement of coral major and minor axes, there was a great amount of variability. This variation over the images taken for each coral sample over time was amplified when the elliptical area was calculated using the measured lengths. The process of the conversion of pixels to millimeters in Image J allows for a great possibility of introduced error because every few pixels included or omitted can create a very large difference in the resulting scale and diameter measurements. Thus, it is difficult to achieve consistency on Image J. The identification of the major and minor axes for every coral is also very relative, so it is difficult to determine the true major and minor axis in each coral. After plotting the extent of the error, represented by standard deviation, that can come from different selections and combinations of major and minor axes in Figure 6, most of the normalized area measurements seem to exceed the upper and lower error bars for each t when compared to Figure 5. The explanation for this is these error bars only account for the size of the uncertainty that may arise from the selection of different major and minor axes. There were many other sources of error in which the size of the error had not been determined. One of these was the curvature of the crystalizing dish each slide containing the juvenile coral was placed on. In several instances, slides were placed on the edge of the dish instead of the middle, which generated a curved, distorted image on the camera attached to the microscope. The photos likely yielded inaccurate scales and diameter/area measurements. 
Besides the variability that can emerge from manually identifying and outlining the major and minor axes in the coral, there are also complications with determining whether growth of the coral should be distinguished as only skeletal or skeletal and tissue. In my project, I had included the width of the coral tissue extending out from the skeleton as part of my radial measurements. However, when considering tissue as part of the measurement of outward growth, results can be skewed if the coral polyp extends or retracts its tentacles. There is uncertainty with whether the extension of the Balanophyllia elegans’ tentacles can impact the width of the base of the coral or not. 
The problem of measuring live coral growth over time could perhaps be resolved in future coral studies involving Balanophyllia elegans if the height of the coral is also accounted for. The inclusion of height as a variable can provide a more comprehensive analysis of growth, as coral likely exhibit not only horizontal, but also vertical growth. Progression of the coral can also be quantified as volume if height is known. Measurement of height can at the same time allow researchers to achieve a better understanding of the rate of vertical growth vs. horizontal growth in the orange cup coral, and which can provide a more accurate estimate for growth. 
During the progression of the experiment, the installation of a microscope polarizing filter was considered so the crystalline structure of the calcium carbonate skeleton can be more discernable in the pictures. The use of a grey scale chart, which would go together with the polarizing filter, as a distinguisher of the darkness of the skeleton was also proposed as the level of darkness would be analogous to the density. Unfortunately, time constraints of the project did not allow for these methods of measuring growth to be achieved. However, studies conducted in the future which analyze the growth of Balanophyllia elegans can consider these approaches.


Conclusion
[bookmark: _Hlk483335312]Studies done on corals often resolve to removing coral tissue from the skeleton near the end of the experiment to find skeletal surface area, density, and volume (Dimond and Carrington 2008, Crook et al. 2013). It is much easier to understand why this might be the case after attempting to measure live coral growth over time using only radial measurements in my project. Balanophyllia elegans are indeed a great test subject for ocean acidification research, and there is still a great need for a better understanding on how certain carbonate system parameters may affect their rate of growth and ability to build calcium carbonate skeletons. The potential for continual change in the ocean over time can threaten calcifying organisms that depend on the stability of certain chemicals. It is important that techniques used to analyze changes in growth of scleractinian corals, one type of marine calcifying organism, are continually tested and enhanced so they can produce useful data. Once most sources of error in the use of live imaging as a means of estimating growth can be identified and dealt with, the technique can be useful for future studies involving scleractinian corals.  


Table 1. Water treatments Balanophyllia elegans were placed in. Bottle number represents the treatment, and letters a, b, and c represent the treatment replicate. DIC is dissolved inorganic carbon. SW is seawater. 
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Figure 1. Example of scaling a photograph of coral sample 3B-II on Image J. Hand drawn line used to scale the photograph is indicated as the yellow dotted line. Photograph was scaled to 1 mm. Final Image J measurement of the major axis for this coral was 4.6 mm and final Image J measurement of the minor axis for this coral was 4.419 mm. Note maximum perceived diameter of the coral does not appear to exceed 4.0 mm.  



Figure 2. Apparent change in diameter of select coral samples over time. Measured diameters from the initial round of area measurements for four randomly selected corals. Corals are differentiated by color. The major and minor axes of each coral sample are plotted (the major axes are the upper lines for every color while the minor axes are the lower lines for every color). Change in diameters over time represent change in growth over time. Dates selected represent the time in which coral photographs were collected. Note increases and decreases of diameter length over time for each coral. 

Figure 3. Apparent change in diameter of select coral samples over time. Measured diameters from the second round of area measurements for four randomly selected corals. Corals are differentiated by color. The major and minor axes of each coral sample are plotted (the major axes are the upper lines for every color while the minor axes are the lower lines for every color). Change in diameters over time represent change in growth over time. Dates selected represent the time in which coral photographs were collected. Note the range of the y-axis. 




Figure 4. Change in mean major and minor axes over time. Average values of major and minor axes on 28 January 2017, 5 February 2017, 15 February 2017, 22 February 2017, and 1 March 2017. 





Figure 5. Normalized area distribution over time. Complete normalized area measurements of all 124 corals. All area measurements depicted are relative to those of t1. Individual samples are represented by a different color. Note points that exceed 1.0 and points that are less than 1.0.




Figure 6. Size of error in area measurements from the selection of different diameters as the major and minor axes. Points represent averages of the normalized area measurements of the whole dataset per t. Error bars are standard deviations calculated from the 5 representative corals.
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42771	42781	42788	42795	1.0078383179724864	1.0230328952683865	1.0331977558778147	1.0588779093483416	42771	42781	42788	42795	1.0656030286641427	0.9976450108166578	0.96905785221741492	1.012240569226609	42771	42781	42788	42795	0.99538526768047941	0.965692238114082	0.90347984623212163	0.94390723048222058	42771	42781	42788	42795	1.025795848134069	0.96414565031410304	0.93095647130156955	0.94186552487584918	42771	42781	42788	42795	0.97406182689682363	0.95383017828069849	0.93720838515911797	0.97612790603606059	42771	42781	42788	42795	1.0949373262449398	1.081896178458702	0.99588947660222937	1.0628646181195982	42771	42781	42788	42795	1.054281498810606	1.0533652213627829	1.0351499625196667	1.044671614619801	42771	42781	42788	42795	1.0192451139145371	0.98008971651238286	0.93028856537017024	0.8632949538776713	42771	42781	42788	42795	0.97534701908008581	0.96047234156168859	0.88858743642087068	0.90891797117048667	42771	42781	42788	42795	0.93176555573661102	0.9030057340828529	0.89374146793292053	1.0165000372901467	42771	42781	42788	42795	1.0402136645571824	0.96221284638303617	0.93492845505739852	1.013589033414976	42771	42781	42788	42795	1.0117869188374862	0.97488997670016886	0.92656637868154867	0.98623289363762889	42771	42781	42788	42795	0.86924650328025432	0.90153040132028539	0.85692209178127987	0.88952968831350843	42771	42781	42788	42795	1.0514252696456088	1.0122243355161789	0.9496623315479249	0.86184942646807072	42771	42781	42788	42795	0.95353732629974064	0.96572335003145104	0.89622723367888468	1.0823854378709885	42771	42781	42788	42795	0.97010017135617954	0.91774632695849256	0.81794103588959466	1.1031818263699604	42771	42781	42788	42795	0.98667994616664023	0.93359913113984805	0.91305069811832607	1.0475249047299151	42771	42781	42788	42795	0.97094947070846771	0.95467820498479739	0.89562643847642676	0.99579346274960412	42771	42781	42788	42795	1.0041073947500454	1.0009474400363552	0.90169813154569745	1.0280105808153113	42771	42781	42788	42795	1.0209262065781526	1.0240026963641915	1.008334001530961	1.0791227752131718	42771	42781	42788	42795	1.0896606264000064	1.0864005238287673	1.0753815644745612	1.1744099120677767	42771	42781	42788	42795	1.0663367355690883	0.9985770649283815	0.96724237832480386	0.90758708103420338	42771	42781	42788	42795	0.98330168174630106	0.94290668569481739	0.84976683075602111	0.91819580045911764	42771	42781	42788	42795	1.0224240548217771	0.9848906898428994	0.93846201553004771	0.99316636057828767	42771	42781	42788	42795	1.0406120716430274	0.98554508748317626	0.92662035407392052	1.008278600269179	42771	42781	42788	42795	0.94593111494519944	0.95204704887803482	0.89272030921930323	0.96382330486958245	42771	42781	42788	42795	0.99473608489799537	0.95086989451956749	0.96913169478130656	0.98490213711425778	42771	42781	42788	42795	0.98759420588377844	1.0316067880164232	0.89980855910434743	1.0062256155188289	42771	42781	42788	42795	1.0297761667250307	0.94302085009322445	0.92225461153332899	1.0122157128119704	42771	42781	42788	42795	1.0683713566610766	1.0369016106042623	1.0787894891061964	1.0322558171745917	42771	42781	42788	42795	0.9986996098829648	1.0248610406292618	0.97350950712042883	0.95154302388277445	42771	42781	42788	42795	0.96794404914665266	1.021844830624687	0.9386912858865839	0.89387134869671048	42771	42781	42788	42795	1.0511577200498963	0.96072552407896972	0.85531474311497413	1.0063048508393142	42771	42781	42788	42795	1.1192128567266746	1.0055883243695771	0.92885065712779347	1.0368163611717487	42771	42781	42788	42795	1.0003734894426981	0.98477200544464594	0.9071347154682331	1.0144471249612674	42771	42781	42788	42795	1.084515248111654	1.0226837911449134	0.98218890890303689	0.97448935782241775	42771	42781	42788	42795	0.98875032920567074	1.0048832882458101	0.93208617481822376	0.92451875289003105	42771	42781	42788	42795	1.1108753334981214	1.0731239231343388	0.98859137317111234	1.1621545755061611	42771	42781	42788	42795	1.0662872339046139	1.0158890355441572	0.9547282824832688	1.0356469992893407	42771	42781	42788	42795	1.1065979051354771	1.0785672235778603	0.94574925570625212	0.96824888776931495	42771	42781	42788	42795	1.0254935919639767	0.97499400495590327	0.92756654498947555	0.94132002393173175	42771	42781	42788	42795	1.0076288959590316	0.99492885235447948	0.86842639201553606	0.91231723269958098	42771	42781	42788	42795	0.99650184210284543	1.0445871576490908	0.91357666547228567	0.94492893433661329	42771	42781	42788	42795	0.92596620034847621	0.92193326346977778	0.8495157599836145	0.8592393149443478	42771	42781	42788	42795	0.96706728585863755	0.91530451174236638	0.94185158693665316	0.9993006948347215	42771	42781	42788	42795	1.055410494397409	1.0104510451045106	0.89909086956994277	0.94655605791095021	42771	42781	42788	42795	0.99540567521395951	1.0144825062448457	0.96659296652721072	1.0210084383064335	42771	42781	42788	42795	1.0428765341978907	0.9711743428897015	0.8831069695529945	0.9686355248842391	42771	42781	42788	42795	1.0636380527684877	1.1191422580476591	1.0480638586956523	1.0413894114641398	42771	42781	42788	42795	0.9675764285026921	0.94369253302232226	0.93813119162737224	0.93383125817174994	42771	42781	42788	42795	0.99172947426078983	0.91960337393285185	0.90713633362614177	0.99440645933130956	42771	42781	42788	42795	1.6134235695677344	0.91376399073716685	0.84355219992280961	0.84689429756850632	42771	42781	42788	42795	0.76383212062494499	1.0700518325108128	0.95108925931503052	0.94809039862638633	42771	42781	42788	42795	0.78626155812326237	0.87631872444132342	0.8390918979543045	0.86350555828849018	42771	42781	42788	42795	1.017711330359119	1.0229953173595498	0.96296258546983671	1.0017072126640962	42771	42781	42788	42795	1.0698609394711773	1.0587147647736008	1.0073325499196357	0.95069091203330802	42771	42781	42788	42795	1.0597248773326691	1.0810797034268242	1.0212073108599218	0.99795456186869991	42771	42781	42788	42795	1.0557183758673896	1.067223198594025	0.992327367839138	1.073603100736817	42771	42781	42788	42795	0.98937219714647384	1.0209559134428621	0.93550579531670763	0.88025522648774213	42771	42781	42788	42795	0.96540068241379628	0.99186379217541587	0.9421089809352331	1.0043754548380373	42771	42781	42788	42795	0.90750060881565053	0.95608497583470176	0.86989141226498146	0.84102174486565451	42771	42781	42788	42795	0.9443494713905084	0.88790594609601292	0.79971871852934939	0.94605553854968261	42771	42781	42788	42795	1.0508001270912537	1.0423728813559323	0.85520745455939862	0.90198360961072832	42771	42781	42788	42795	0.93835525838563927	0.80005461706185821	0.81495739442479287	0.85029787633502452	42771	42781	42788	42795	0.9958142034643801	0.97346771602955373	0.87880785292446084	0.85486026341150012	42771	42781	42788	42795	1.1070573963691417	1.0554719721865589	0.89316865626808817	0.84427545292524619	42771	42781	42788	42795	0.99084423993068771	0.98693869603774442	0.88315592841905155	0.89075037219746567	42771	42781	42788	42795	0.99125994197987333	0.98719354365714185	0.93679963200291627	1.0557260000020365	42771	42781	42788	42795	1.0122824994542206	0.93846278616118128	0.89154714373029098	0.93247280444176073	42771	42781	42788	42795	1.0375100516352265	0.96717682569337038	0.88770425197335212	0.876189149067922	42771	42781	42788	42795	0.99681399035847806	0.96106127897698534	0.88173409817805404	1.1374984226500808	42771	42781	42788	42795	1.0471311276437492	0.84142571673259658	0.76208759838505757	0.77411548119104889	42771	42781	42788	42795	1.030493039226664	0.98239970086161288	0.90019689130153313	1.0492489746492659	42771	42781	42788	42795	0.94513915820784833	0.73521350026884791	0.92287400905057582	0.93635186934555559	42771	42781	42788	42795	0.92883521427628313	1.0964226563454502	0.7816137849495709	0.88123460131478826	42771	42781	42788	42795	1.0629716386606252	1.033826092675644	0.93992937576404856	1.0096382163857873	42771	42781	42788	42795	0.9275692481980965	0.94178525637569255	0.88489386663276348	0.93069305806785574	42771	42781	42788	42795	0.9371721182526862	0.89284973014044156	0.8453112314235488	0.90559279259721592	42771	42781	42788	42795	1.034333592810134	1.0684051612294485	0.94596749463354812	1.0500275988960444	42771	42781	42788	42795	0.99376426287099062	1.0209196909202864	1.0587175405291132	1.0009514161424058	42771	42781	42788	42795	0.88481820395410815	0.86403552540838269	0.84732475801344553	0.95270440505577703	42771	42781	42788	42795	0.97837681438342483	0.94085863659111457	0.89460006238464496	0.96193783857825865	42771	42781	42788	42795	1.0163626111492696	1.0493715077317196	0.9798461700297636	1.0587894166094292	42771	42781	42788	42795	0.96492748312906385	1.0197271650405351	0.89286380283896372	1.0135609705156821	42771	42781	42788	42795	1.1301186007372339	1.0866138672848897	1.0057225953004376	1.0108999279746782	42771	42781	42788	42795	1.0634852216748767	1.0541504062440024	0.93276155289702078	1.0135727880493888	42771	42781	42788	42795	0.90561963366627307	0.83412064526823926	0.75430155525064357	0.77999474725928752	42771	42781	42788	42795	0.97091899589723873	0.91532870552559276	0.8674742040475506	0.86147195932789922	42771	42781	42788	42795	0.98622369588002889	0.99832782391356922	0.89879303394340071	0.99147917842457467	42771	42781	42788	42795	0.97702586698575933	0.85450031248370151	0.82912056270925283	0.91293639145063521	42771	42781	42788	42795	0.90421512179667529	0.98109731068485062	0.87697366810552346	0.93881056795165652	42771	42781	42788	42795	1.0306583870938537	1.0119576358045779	0.94292474384833369	0.94407285795357876	42771	42781	42788	42795	0.93346937662228624	0.98741858369987434	0.92184883074858925	0.86142656875172985	42771	42781	42788	42795	0.9770631651277748	0.94184014334697297	0.85634530606345316	0.85674537213888258	42771	42781	42788	42795	0.98847499571961406	0.95751922847316107	0.88585778055083741	0.93778524963314713	42771	42781	42788	42795	0.99088993043521356	1.0225533769775828	0.88099842854086008	0.90354907965696807	42771	42781	42788	42795	1.075063262066386	1.0118790625287253	1.0039924802148568	1.0083040245892112	42771	42781	42788	42795	0.98875696888163034	1.0212714059957348	0.96593839773000989	0.95388865063652573	42771	42781	42788	42795	1.0581135300023261	0.9820237935975914	0.91729754290307919	1.0590064829177106	42771	42781	42788	42795	1.0142654296918108	0.98392137794593593	0.92832807077268997	0.9815301510949046	42771	42781	42788	42795	1.0989096413392352	1.0109382902625772	0.96979363697924903	1.0455788750704635	42771	42781	42788	42795	1.0475709398401292	0.90571707695301273	0.87794552132625947	0.89702350047365353	42771	42781	42788	42795	0.99447056982338777	0.89772046653538407	0.88233480823860266	0.88042387555560009	42771	42781	42788	42795	0.96630297009636734	0.94579125599908309	0.61078701158036897	0.91174038610089925	42771	42781	42788	42795	0.98110011294843669	0.91063027667897833	1.2271641202783801	0.88248127327406756	42771	42781	42788	42795	0.8094499334585662	0.93399727400208787	0.84309070487879645	0.76854041218221136	42771	42781	42788	42795	1.0075636942675159	1.0274244713965899	0.87936745543798567	1.0018179098174738	42771	42781	42788	42795	0.98337821288009342	0.93853089473365214	0.89813569496916157	1.0897992590305055	42771	42781	42788	42795	0.99408008589147023	1.015590196576198	0.94684097156908043	1.015723859096467	42771	42781	42788	42795	0.98516791155198313	1.001797369760532	0.95128138353910419	0.91146533458019141	42771	42781	42788	42795	0.97853475978937798	0.99868860174654972	0.89354467161504736	0.89315585282211185	42771	42781	42788	42795	1.0494413264109033	1.0095412391738088	0.92038345876139183	1.0976106760563857	42771	42781	42788	42795	1.0277161367190406	1.0212850795541983	0.91098250055849272	0.9758799612778315	42771	42781	42788	42795	1.0515888780059153	1.0160895796104013	0.97621903779460029	0.87210826938138997	42771	42781	42788	42795	0.98725793039928877	0.94869097130816182	0.86058911049533338	0.86373004534194553	42771	42781	42788	42795	0.99791566669379628	1.0405107784218866	0.98384122958744169	1.013208178904599	42771	42781	42788	42795	0.96054771047959142	1.1395466039602098	1.0210729730518042	1.0130659374050439	42771	42781	42788	42795	1.0022400718073434	1.1037254846219025	1.0080824291717723	1.0138058956775213	42771	42781	42788	42795	0.9308763928677507	0.94802236610630708	0.90056089026612884	0.93890357555974135	42771	42781	42788	42795	0.99590273966344534	0.92616253321292541	0.90420492267857921	0.93370724145548822	42771	42781	42788	42795	1.0374469391791314	0.96644078735075833	1.0067567061174778	0.9238963661534938	42771	42781	42788	42795	1.0247010455431507	0.95444231791600209	0.7477742335637072	0.9009278752436648	42771	42781	42788	42795	0.96534523053753074	0.96617852750437427	1.0754913112758098	0.95638877465740912	42771	42781	42788	42795	0.93999226795379354	0.89879267134160823	0.89036029906769021	0.89257634279571474	Date


Atn/At1



0.18156968755908581	0.18156968755908581	42763	1	0.13754009045915114	0.13754009045915114	42771	1.0051882042601394	0.14895468629907452	0.14895468629907452	42781	0.98212827875549191	0.10797760427145667	0.10797760427145667	42788	0.92006432886141365	0.17825494852733578	0.17825494852733578	42795	0.9627468678420612	Date


Atn/At1



42763	42771	42781	42788	3.59	4.1280000000000001	3.69	3.9830000000000001	42763	42771	42781	42788	3.4990000000000001	4.0119999999999996	3.621	3.86	42763	42771	42781	42788	3.379	3.8069999999999999	3.2679999999999998	3.3050000000000002	42763	42771	42781	42788	3.2759999999999998	3.758	3.1419999999999999	3.2970000000000002	42763	42771	42781	42788	3.7669999999999999	4.3940000000000001	3.9369999999999998	4.2370000000000001	42763	42771	42781	42788	3.7330000000000001	4.3109999999999999	3.8679999999999999	4.0679999999999996	42763	42771	42781	42788	3.484	4.6139999999999999	5.141	4.923	42763	42771	42781	42788	2.677	3.456	4.0190000000000001	3.6749999999999998	Date

Measured Diameter (mm)


42763	42771	42781	42788	42795	3.359	3.3839999999999999	3.3679999999999999	3.2610000000000001	3.2050000000000001	42763	42771	42781	42788	42795	3.3290000000000002	3.3679999999999999	3.254	3.19	3.012	42763	42771	42781	42788	42795	3.073	3.0449999999999999	3.0880000000000001	2.8839999999999999	3.0870000000000002	42763	42771	42781	42788	42795	3.008	2.9980000000000002	3.0880000000000001	2.8839999999999999	3.0129999999999999	42763	42771	42781	42788	42795	3.569	3.573	3.6320000000000001	3.3290000000000002	3.4729999999999999	42763	42771	42781	42788	42795	3.5379999999999998	3.5609999999999999	3.4590000000000001	3.294	3.3170000000000002	42763	42771	42781	42788	42795	3.395	3.4039999999999999	3.4159999999999999	3.496	3.3929999999999998	42763	42771	42781	42788	42795	2.5950000000000002	2.5720000000000001	2.633	2.6680000000000001	2.5990000000000002	Date

Measured Diameter (mm)


Major Axes	42763	42771	42781	42788	42795	3.1479193548387103	3.1397661290322567	3.119919354838709	3.0125887096774178	3.0866532258064523	Minor Axes	42763	42771	42781	42788	42795	2.9767016129032249	2.9920080645161282	2.9487903225806451	2.856306451612904	2.9147661290322575	Date

Length of Measured Diameter (mm)



image1.emf
DIC (micromol/kg SW) pH Carbonate ion (micromol/kg SW)

2500 8 126.5

2500 8 126.5

2500 8 126.5

2500 8 126.5

DIC (micromol/kg SW) pH Carbonate ion (micromol/kg SW)

Bottles 2a,b,c 2500 7.5 42.88

Bottles 3a,b,c 2500 7.7 68.03

Bottles 4a,b,c 2500 7.9 106.87

Bottles 5a,b,c 2500 8.2 205.7

DIC (micromol/kg SW) pH Carbonate ion (micromol/kg SW)

Bottles 6a,b,c 2000 8 106.71

Bottles 7a,b,c 3000 8 160.07

Bottles 8a,b,c 3500 8 186.74

Bottles 9a,b,c 4000 8 213.42

DIC (micromol/kg SW) pH Carbonate ion (micromol/kg SW)

Bottles 10a,b,c 2000 8.09 129.91

Bottles 11a,b,c 3000 7.91 131.14

Bottles 12a,b,c 4000 7.78 130.57

Bottles 13a,b,c 4500 7.73 131.13

Bottles 1a,b,c
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